»% 

I 


f 


.*  X 
>  » 


Footnotes 

‘  This  work  was  supported  by  a  grant  from  the  Office  of  Naval 
Research,  ONR  NQ0179. 

^  Address  Correspondence  and  reprint  requests  to  Dr.  Donald 
A.  Chambers,  Department  of  Biochemistry,  University  of 
Illinois  College  of  Medicine,  1853  West  Polk  Street  (M/C 
536),  Chicago,  IL  60612. 

*  Cook-Mills,  J.M.,  R.  Hayden,  R.L.  Perlman,  and  D.A. 
Chambers.  1991.  The  effect  of  neurotransmitters  on  the 
activation  of  murine  lymphocytes  irj  vitro.  Submitted  for 
publication . 


Acccsion  for  \ 

NTIS  CRA&I 

DTIC  TA5 

□ 

U;:aiin0:I:'.C3d 

n 

Jjstificatiofi . 

By . . . 

Diit  ibjlion/ 

Avjil  ii'J/or 
Dist  wpecial 


( 


^  Abstract 

The  effects  of  norepinephrine  and  related  molecules  on  the 
generation  of  antitumor  cytotoxic  activity  were  determined. 
Cytotoxic  activity  was  generated  by  coculture  of  normal  spleen 
lymphocytes  from  BALB/c  mice  with  syngeneic  MOPC-315  plasmacytoma 
cells  and  was  assayed  by  the  **Cr  release  assay.  At  concentrations 

.fri-  r  f 

100  the  catecholamines  norepinephrine,  epinephrine, 

isoproterenol  and  dopamine  inhibited  the  development  of  cytotoxic 
activity  by  50-90%.  However,  at  concentrations  of  0.1  to  1 
norepinephrine  but  not  the  other  catecholamines  enhanced  the 
generation  of  cytotoxicity.  ^  Generation  of  anti-MOPC-315 
cytotoxicity  was  also  enhanced  b^  the  non-catecholamines  serotonin 
and  carbachol  (50-100  mM)  .  Serotonin  and  carbachol  at 
concentrations  of  0.1  to  100  did  not  inhibit  the  generation  of 
antitumor  cytotoxicity.  The  generation  of  antitumor  cytotoxicity 
was  inhibited  by  the  second  messenger  dibutyryl  cAMP  (500  /uM)  . 
Norepinephrine  inhibited  the  generation  of  cytotoxic  activity  only 
when  added  during  the  first  two  days  of  a  5-day  coculture  perior , 
whereas  dibutyryl  cAMP  inhibited  the  generation  of  cytotoxic 
activity  when  added  up  to  4  days  after  the  culture  was  initiated. 
The  inhibitory  effects  of  norepinephrine  on  the  generation  of 
cytotoxicity  were  not  blocked  by  the  /3-adrenergic  antagonist 
propranolol.  These  studies  suggest  that  a  stress-induced  elevation 
of  catecholamines  may  suppress  the  generation  of  anti-tumor 
cytotoxic  activity.  Such  a  mechanism  may  help  to  explain  the 
effects  of  stress  on  tumor  progression  and  eradication. 


Introduction 


Lymphoid  organs  are  innervated  by  sympathetic  neurons.  The 
presence  of  synapse-like  junctions  between  neurons  and  lymphocytes 
(1,  2}  indicates  that  lymphocytes  are  exposed  to  neurotransmitters 
in  situ.  Norepinephrine,  the  classical  sympathetic 
neurotransmitter,  is  present  in  high  concentration  in  the  spleen 
(2) .  The  presence  of  adrenergic  receptors  on  lymphocytes  suggests 
that  norepinephrine  can  participate  in  neuro-immunomodulation. 
Many  reports  suggest  that  physiological  or  psychological  stress  can 
affect  immune  function.  For  example,  Fawzy  et  al.  (3)  have  shown 
that  psychiatric  intervention  reduced  psychologic  distress, 
enhanced  longer-term  coping  and  enhanced  the  numbers  and  cytotoxic 
activity  of  natural  killer  cells  in  patients  with  malignant 
melanoma.  Other  reports  demonstrate  that  surgical,  environmental, 
physiological,  and  psychosocial  stress  impair  antitumor  immunity 
(4-6).  Such  stress  may  diminish  antitumor  immunity  through  a 
mechanism (s)  involving  activation  of  the  sympathetic  nervous  system 
and  the  release  of  norepinephrine  and/or  other  sympathetic 
neurotransmitters  (7) . 

Immunoregulation  by  norepinephrine  in  vivo  is  suggested  by  the 
observation  that  sympathetic  denervation  of  the  spleen  enhances 
antibody  production  (8-10),  albeit  through  undefined  mechanisms. 
Consistent  with  these  in  vivo  studies  catecholamine 
neurotransmitters  have  also  been  shown  to  inhibit  the  proliferation 
of  B-lymphocytes  and  T-lymphocytes  in  vitro  (11-13) .  In  our 
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previous  studies,  it  was  observed  that  there  are  different 
Hiechanisms  of  catecholamine  inhibition  in  B  cells  and  T  cells  (11) . 
The  catecholamine  inhibition  of  T  and  B-cell  DNA  synthesis  was  not 
blocked  by  adrenergic  or  dopaminergic  receptor  antagonists.^ 

The  current  study  was  undertaken  to  determine  whether  stress- 
related  neurotransmitters  can  inhibit  the  generation  of  cytotoxic 
T-lymphocyte  (CTL)  responses  against  a  syngeneic  tumor.  The  focus 
of  our  attention  on  the  generation  of  CTL  activity  against  tumor 
cells  arises  from  the  growing  appreciation  of  the  importance  of  the 
CTL  lytic  mechanism  in  tumor  eradication  (14-19).  As  a  prototype 
of  a  tumor  model  in  which  the  CTL  plays  an  important  role  in  in 
vivo  tumor  eradication,  we  selected  the  MOPC-315  tumor  model. 
Since  the  exact  conditions  for  the  in  vitro  generation  of  a  CTL 
response  are  well  established  in  the  MOPC-315  tumor  model,  this 
model  provides  an  ideal  system  to  study  the  effects  of 
catecholamines  on  the  generation  of  antitumor  cytotoxicity  (20) . 
In  this  study,  the  MOPC-315  tumor  system  was  used  to  study  the 
effects  of  catecholamines,  non-catecholamine  neurotransmitters  and 
associated  molecules  on  the  generation  of  a  CTL  response  in  vitro. 
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Materials  and  Methods 

Animals.  Animals  used  for  maintenance  of  tumor  cells  and  as 
a  sovirce  of  spleen  cells  for  the  in  vitro  generation  of  cytolytic 
activity  were  7  to  10  week  old  female  BALB/c  mice  purchased  from 
Charles  River  Breeding  Laboratories,  Wilmington,  MA. 

Chemicals.  All  neurotransmitters  and  related  compounds  used 
in  these  studies  were  purchased  from  Sigma,  St.  Louis,  MO. 

Tumor  Cells.  MOPC-315  plasmacytomas  were  maintained  in  vivo 
as  subcutaneous  tumors  as  previously  described  (20) .  Mice  were 
inoculated  subcutaneously  with  lxl0‘  viable  tumor  cells.  Single 
cell  suspensions  were  prepared  by  mechanical  disruption  of  the 
tumor  between  glass  slides  (20).  The  viability,  as  determined  by 
trypan  blue  dye  exclusion,  always  exceeded  95%. 

Spleen  Cell  Suspensions.  Suspensions  of  spleen  cells  from 
normal  mice  were  prepared  by  mincing  spleens  and  gently  pressing 
the  cells  through  a  sterile  Nytex  nylon  mesh  (Tetko,  Inc.,  Emsford, 
NY)  with  a  sterile  stainless  steel  lab  spoon  (American  Scientific 
Products,  McGaw  Park,  IL) .  The  single  cell  suspensions  were  washed 
and  resuspended  in  culture  medium  for  use  in  the  in  vitro 
stimulation.  In  any  individual  experiment,  pooled  spleen  cells 
from  at  least  5  mice  were  used. 

In  Vitro  Stimulation  for  the  Generation  of  Cytotoxic  T- 
Ivmphocvtes.  MOPC-315  tumor  cells  were  treated  with  mitomycin  C 
(50  ;ig/ml)  for  30  minutes  and  washed  three  times.  Mitomycin  C- 
treated  tumor  cells  (1.33x10*)  were  admixed  with  spleen  cells 
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(40x10*)  from  normal  BALB/c  mice  and  cultured  in  20  ml  of  medium 
consisting  of  RPMJ  1640  supplemented  with  1%  nonessential  amino 
acids  (#320-1140,  Gibco,  Grand  Island,  NY) ,  2  mM  glutamine,  50 
2-mercaptoethanol  (Sigma,  St.  Louis,  MO) ,  50  Units/ml  penicillin, 
50  ng/vil  streptomycin  (Sigma)  and  5%  heat-inactivated  fetal  bovine 
semifl  (Gibco)  .  Agonists  were  added  at  the  time  of  culture 
initiation  unless  otherwise  stated.  The  cultures  were  incubated  at 
37®C  in  5%C02-air  for  5  days  unless  otherwise  stated  since  the 
generation  of  the  CTL  response  peaks  between  days  4-6  (20,  21). 

Cytolytic  Assay.  The  cytolytic  activity  of  the  cultured 
spleen  cells  was  determined  by  the  ''Cr  release  assay  as  previously 
described  (20) .  Briefly,  the  cultured  spleen  cells  were  washed 
three  times  and  incubated  for  3.5  hours  with  5  x  10*  *'Cr-labelled 
target  MOPC-315  cells  in  12  x  75  mm  plastic  tubes  at  effector  to 
target  cell  (E/T)  ratios  of  200:1,  100:1,  50:1,  and  25:1.  At  the 
end  of  the  incubation  period,  the  cells  were  pelleted,  and 
radioactivity  in  the  supernatants  (Sup)  and  pellets  (Pel)  was 
counted  in  a  gamma  scintillation  counter.  The  percentage  of  *'Cr 
release  for  each  sample  was  calculated  as  follows; 

%  of  *'Cr  release  =  _ com  in  Sup _  x  100 

cpm  in  Sup  +  cpm  in  Pel 

The  percentage  of  specific  *'Cr  release  was  calculated  by  the 
following  formula: 

%  of  specific  *’Cr  release  =  T  -  C  x  100 

M  -  C 

where  T  is  the  percentage  of  release  with  test  lymphocytes,  C  is 
the  mean  value  calculated  for  three  replicates  of  the  percentage  of 


spontaneous  release  (which  ranged  between  16  and  30%) ,  and  M  is  the 
mean  value  calculated  for  three  replicates  of  the  percentage  of 
maximal  release  (obtained  after  addition  of  2%  NP-40) ,  which  ranged 
between  82  and  97%.  Each  experiment  was  performed  a  minimum  of  two 
times.  The  level  of  antitumor  cytotoxicity  is  presented  as  the 
mean  ±  SEM  from  triplicate  samples.  The  SEM  did  not  exceed  6%. 
Although  the  level  of  antitumor  cytotoxicity  generated  by  lymphoid 
cells  varied  from  one  experiment  to  another  (22-24) ,  the  pattern  of 
the  results  remained  consistent  and  reproducible.  Probability 
values  of  p<0.05  as  determined  by  a  completely  random  Anova 
followed  by  Dunnett's  t  Test  were  considered  statistically 
significant. 
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Results 


CatecholaTnine  Agonist  Inhibition  of  the  Generation  of 
:otoxic  Activity  Against  MOPC-315  Tumor  Cells.  The  effects  of 


catecholamines  on  the  generation  of  a  cytotoxic  T-cell  response 
against  a  syngeneic  tumor  were  examined.  Norepinephrine, 
epinephrine,  or  isoproterenol  was  added  to  BALB/c  spleen  cells  at 


the  time  of  initiation  of  a  5-day  culture  with  mitomycin-C-treated 
M0PC-31S  tumor  cells.  As  a  control,  spleen  cells  were  cultured 
with  MOPC-315  cells  in  the  presence  of  HCL,  the  solvent  for  the 
neurotransmitters.  At  the  concentrations  used,  HCl  had  no  effect 
on  the  generation  of  cytotoxicity.  At  high  concentrations  (100 
/iM) ,  all  of  the  catecholamines  greatly  inhibited  (60-72% 
inhibition)  the  generation  of  anti-MOPC-315  cytotoxicity  (Fig.l). 
This  inhibition  was  evident  when  the  lytic  activity  was  assayed  at 
effector  to  target  cell  (E/T)  ratios  of  200:1,  100:1  and  50:1.  The 
cytotoxicity  exerted  by  the  norepinephrine-treated  cells  at  an  E/T 
ratio  of  200:1  was  lower  than  that  exerted  by  control  cells  at  an 
E/T  ratio  of  50:1.  The  dramatically  reduced  anti-tumor 
cytotoxicity  following  stimulation  in  the  presence  of  the 
catecholamines  was  not  a  consequence  of  drug  toxicity  since  the 
drugs  did  not  affect  cell  viability  as  determined  by  trypan  blue 
exclusion  and  by  fluorescein  diacetate  fluorescence  (measured  after 
2  days  of  culture)  nor  did  they  reduce  the  number  of  lymphocytes 
harvested  on  day  5.  Figure  1  also  shows  that  at  concentrations  of 
0.1-1  /xM  the  generation  of  anti-MOPC-315  cytotoxicity  was  augmented 
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(30-50%)  by  norepinephrine  but  not  by  epinephrine  or  isoproterenol. 

The  Effects  of  Dopamine  on  the  Generation  of  Antitumor 
Cytotoxic  Activity.  Since  dopamine  can  act  through  its  own 
dopamine  receptors  (25)  as  well  as  adrenergic  receptors,  the 
effects  of  dopamine  on  the  5  day  generation  of  antitumor 
cytotoxicity  was  also  investigated.  Figure  2  reveals  that  dopamine 
(50  and  100  >iM)  Inhibited  the  generation  of  anti-MOPC-315 
cytotoxicity  by  30-85%.  The  decrease  in  generation  of  antitumor 
cytotoxicity  with  dopamine  (50-100  fiK)  was  not  due  to  toxicity 
since  dopamine  did  not  affect  the  cell  yield  on  day  5  of  the 
culture.  In  contrast  to  norepinephrine,  lower  concentrations  of 
dopamine  (0.1-1  /iM)  did  not  affect  the  genr*ration  of  anti-MOPC-315 
cytotoxicity. 

The  Effects  of  Non-catecholamine  Neurotransmitters  on  the 
Generation  of  Antitumor  Cytotoxic  Activity.  Experiments  were 
performed  to  investigate  whether  non-catecholamine 
neurotransmitters  could  affect  the  generation  of  anti-MOPC-315 
cytotoxicity.  Serotonin  or  carbachol  (a  cholinergic  agonist)  was 
added  at  the  initiation  of  a  5  day  culture  for  the  in  vitro 
generation  of  anti-tumor  activity.  Figure  2  shows  that,  in 
contrast  to  catecholamines,  serotonin  and  carbachol  at 
concentrations  between  0.1  to  100  pM  did  not  inhibit  the 
generation  of  cytotoxic  activity  although  some  enhancement  was 
noted. 

Cvclic-AMP  Parallels  the  Catecholamine  Inhibition  of  the  ' 
Generation  of  Antitumor  Cvtotoxicitv.  Our  previous  studies  suggest 
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that  cAMP  is  the  second  messenger  for  catecholamines  in  T  cells 
(11).  To  investigate  the  role  of  cAMP  as  a  second  messenger  in  the 
inhibition  of  lymphocyte  activation  by  catecholamines,  we  examined 
whether  dibutyryl  cAMP,  a  membrane  penetrable  analog  of  cAMP,  could 
act  in  ways  similar  to  catecholamines.  Figure  3  reveals  that,  at 
concentrations  previously  shown  to  inhibit  other  lymphocyte 
functions  (26) ,  dibutyryl  cAMP  did  indeed  inhibit  the  generation  of 
cytotoxic  activity  against  MOPC-BIS  tumor  cells.  Since  inhibition 
by  norepinephrine  may  be  mediated  via  c^MP  it  was  important  to 
determine  if  both  compounds  have  the  same  kinatics  of  inhibition. 
Norepinephrine  or  dibutyryl  cAMP  was  added  to  spleen  cells 
immediately  prior  to  addition  of  the  mitomycin-C-treated  MOPC-315 
tumor  cells.  Cytotoxic  activity  against  MOPC-315  cells  was 
assessed  on  days  3,  4,  and  5  of  the  culture.  Figure  4  shows  that 
over  90%  inhibition  by  norepinephrine  and  dibutyryl  cAMP  was  seen 
by  day  3.  Further,  cAMP  and  norepinephrine  had  parallel  effects  on 
the  generation  of  antitumor  cytotoxicity. 

Effect  of  Delayed  Addition  of  Norepinephrine  and  Dibutvrvl 
CAMP  on  the  Inhibition  of  the  Generation  of  Antitumor  Cytotoxicity. 


Experiments  were  performed  to  find  out  if  norepinephrine  and  cAKP 
inhibit  the  same  "stage"  of  the  generation  of  antitumor 
cytotoxicity.  Accordingly,  we  determined  whether  norepinephrine 
and  dibutyryl  cAMP  affects  only  early  or  later  events  in  the 
generation  of  antitumor  cytotoxicity.  Norepinephrine  or  dibutyryl 
cAMP  was  added  to  spleen  cells  and  mitomycin-C-treated  MOPC-315 
calls  on  days  0,  1,  2,  3,  or  4  and  cytotoxic  activity  was  assessed 


simultaneously  for  all  treatment  groups  on  5  day  of  the  culture. 
Figure  5  illustrates  that  maximal  inhibition  of  the  generation  of 
cytotoxic  activity  occurred  upon  addition  of  norepinephrine  at  the 
beginning  of  the  in  vitro  stimulation,  inhibition  was  noted  when 
norepinephrine  was  added  on  day  1  or  2,  and  no  inhibition  could  be 
seen  when  it  was  added  on  day  3  or  4.  In  contrast,  generation  of 
cytotoxic  activity  was  drastically  inhibited  when  dibutyryl  cAI'IP 
was  added  up  to  4  days  after  culture  initiation.  Thus,  while 
norepinephrine  was  inhibitory  only  when  added  at  early  siiages  of 
the  generation,  dibutyryl  cAMP  was  inhibitory  when  added  at  early 
or  late  stages  in  the  generation  of  cytotoxic  activity  against 
MOPC-315  tumor  cells. 

Analysis  of  the  Participation  of  the  g-Adreneroic  Receptor  in 
Catecholamine  Inhibition  of  the  Generation  of  Antitumor 
Cytotoxicity.  since  adenylyl  cyclase  which  catalyzes  the 
production  of  cAMP  is  coupled  to  /3-adrenergic  receptors, 
experiments  were  designed  to  determine  whether  catecholamines 
inhibited  the  generation  of  cytotoxic  activity  via  binding  to  j3- 
ad^energic  receptors  found  on  lymphocytes  (27-29) .  For  this 
purpose,  the  ability  of  propranolol,  a  )3-adrenergic  antagonist,  to 
block  the  inhibitory  effect  of  norepinephrine  on  '^.eneration  of 
antitumor  cytotoxicity  was  studied.  Spleen  cells  were  incubated 
with  propranolol  for  30  minutes  prior  to  the  addition  of 
norepinephrine  and  mitomycin-C-treated  MOPC-315  cells.  After  5 


days  in  culture,  cytotoxic  activity  was  measured.  Figure  6  shows 
that  propranolol  (0.1  to  10  fiH)  did  not  block  the 
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norepinephrine-induced  (100  /xM)  inhibition  of  the  generation  of 
anti-MOPC-315  cytotoxicity  by  spleen  cells.  This  lack  of 
antagonistic  effect  by  propranolol  did  not  result  from  an  inability 
of  the  mixed  population  of  spleen  cells  to  respond  to  propranolol 
since  propranolol  blocked  isoproterenol  stimulation  of  adenylyl 
cyclase  activity  by  aliquots  obtained  from  the  same  preparation  of 
spleen  cells  (data  not  shown),  a  result  observed  previously.* 


Discussion 


It  has  been  demonstrated  that  the  anti-MOPC  cytotoxicity  is 
due  to  MOPC-315  specific  CD8*  CTL  cells  generated  In  vitro  (30-33) . 
The  studies  in  this  report  demonstrate  that  the  catecholamines 
isoproterenol,  norepinephrine,  epinephrine  and  dopamine  but  not  the 
non-catecholamines  serotonin  or  carbachol  can  suppress  the  in  vitro 
generation  of  a  CTL  response  against  the  syngeneic  MOPC-315 
plasmacytoma.  These  molecules  were  inhibitory  at  a  concentration 
of  100  nH,  a  nontoxic  concentration  not  unexpected  for  localized 
concentrations  of  norepinephrine  in  the  spleens  of  stressed  mice. 
The  concentration  of  norepinephrine  in  the  6  nm  synapse-like 
junctions  between  neurons  and  T-lymphocytes  is  probably  much  higher 
than  the  1  nH  interstitial  norepinephrine  concentration  in  mouse 
spleen  (2).  Moreover,  under  stress,  sympathetic  stimulation 
increases  norepinephrine  release  in  the  spleen  (34).  Furthermore, 
although  the  participation  of  the  known  /3-adrenergic  receptors  in 
the  inhibition  of  anti-MOPC-315  cytotoxicity  is  unclear,  the  Kp  for 
norepinephrine  dissociation  from  ^-adrenergic  receptors  present  on 
lymphocytes  (100-400  pM)  is  similar  to  the  "effector"  catecholamine 
concentrations  reported  here  (27,  28). 

The  catecholamine  inhibition  of  the  generation  of  anti-MOPC- 
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315  cytotoxic  activity  was  mimicked  by  dibutyryl  cAMP,  a  membrane 
penetrable  analog  of  the  norepinephrine  second  messenger  cAMP. 
Dibutyryl  cAMP  inhibited  the  generation  of  cytotoxicity  at 
concentrations  (500  and  10  nK)  that  inhibit  other  lymphocyte 


functions  (26) •  Such  concentrations  of  dibutyryl  cAMP  appear  to  be 
physiologically  relevant  since  lymphocytes  stimulated  with 
Isoproterenol  or  cholera  toxin  contain  endogenous  cAMP 
concentrations  of  11-40  pinoles  cAMP/10*  cells  which  we  calculated 
as  approximately  3.5-13  fiH  cAMP  assuming  an  average  lymphocyte 
diameter  of  9  pim  which  translates  into  a  cell  volume  of  3xl0’ml 
(29,  35-38).  Our  results  taken  together  with  reports  of 
isoproterenol  stimulation  of  cAMP  production  in  lymphocytes  (29, 
35-37)  are  consistent  with  a  cAMP-mediated  mechanism  for  the 
catecholamine  neurotransmitter-mediated  inhibition  of  the 
generation  of  anti-MOPC-315  cytotoxicity. 

However,  norepinephrine  inhibition  was  evident  when  added  at 
early  stages  (0-2  days)  in  the  generation  of  anti-MOPC-315 
cytotoxicity,  whereas  dibutyryl  cAMP  inhibition  was  evident  when 
added  at  early  as  well  as  late  stages  (0-4  days)  in  the  generation 
of  cytotoxicity  suggesting  that  cAMP  may  have  effects  both  related 
to  and  independent  of  norepinephrine.  A  number  of  explanations 
which  could  account  for  the  inability  of  norepinephrine  to 
downregulate  later  events  in  the  generation  of  cytotoxicity  include 
reduced  receptor  numbers  and/or  affinity,  uncoupling  of  receptors 
to  adenylyl  cyclase,  or  use  of  a  second  cAMP  signal  transduction 
pathway(s)  independent  of  norepinephrine. 

Propranolol,  a  classical  ^-adrenergic  antagonist,  did  not 
prevent  norepincphrine-induced  inhibition  of  the  generation  of 
cytotoxicity  suggesting  that  (S-adrenergic  receptors  may  not  be 
involved.  The  inability  of  propranolol  to  block  the  effects  of 
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norepinephrine  was  unexpected  since  cytotoxic  T-lyinphocytes  have  iSj- 
adrenergic  receptors  (27,  28),  isoproterenol  binds  to  jSj-adrenergic 
receptors  and  stimulates  cAMP  production  in  lyaphocytes  (35),  and 
as  described  in  this  report  cAMP  inhibited  the  generation  of  anti¬ 
tumor  immunity.  However,  the  possibilities  exist  that  under  our 
experimental  conditions  the  )?-adrenergic  receptor  may  escape  the 
antagonistic  effects  of  propranolol  or  that  catecholamines  may  act 
via  a  non-receptor-mediated  mechanism,  a  propranolol  insensitive  /3- 
adrenergic  receptor,  or  an  as  yet  undefined  receptor,  an 
alternative  consistent  with  recent  reports  of  the  presence  of  novel 
neurotransmitter  receptors  on  lymphocytes  which  appear  to  act  in 
non-defined  ways  (29,  39). 

The  inability  of  propranolol  to  block  the  Inhibition  of  the 
generation  of  anti-MOPC-315  cytotoxicity  by  catecholamines  is 
similar  to  our  previous  results  with  parallel  studies  on  spleen  B- 
cell  and  T-coll  replication,  thymic  cell  replication  and  S49  T- 
lymphoroa  replication.^  Our  previous  studies  with  the  S49  mutants 
showed  that  dibutyryl  cAMP  but  not  norepinephrine  inhibited 
proliferation  by  S49  mutants  lacking  adenylyl  cyclase  and  that 
neither  dibutyryl  cAMP  or  norepinephrine  inhibited  proliferation  by 
a  S49  mutant  lacking  protein  kinase  activity  suggesting  that 

norepinephrine  signal  transduction  was  primarily  through  an 

« 

adenylyl  cyclase-cAMP-protoin  kinase  A  mechanisa.*  Since  receptors 
other  than  /9-adrencrgic  receptors  activate  adenylyl  cy-Iase  (4  0- 
43),  perhaps  the  norepinephrine-mediated  inhibition  of  the 
generation  of  cytotoxicity  is  through  a  receptor  which  stimulates 
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cAMP  production  other  than  the  /3-adrenergic  receptor.  There  is 
also  the  possibility  that  the  catecholamines  act  via  an  a- 
adrenergic  receptor.  However,  in  our  previous  studies,  a- 
adrenergic  antagonists  or  dopaminergic  ant'"  jnists  did  not  block 
norepinephrine  inhibition  of  mitogen-stimulater  lymphocyte  DNA 
synthesis.* 

While  high  concentrations  (100  /iM)  of  several  catecholamines 
inhibited  the  generation  of  anti-MOPC-315  cytotoxicity,  low 
concentrations  of  norepinephrine  (0.1-10  /xM)  enhanced  (30-50%)  the 
generation  of  anti-tumor  cytotoxicity.  An  enhancement  of  the 
generation  of  antitumor  cytotoxicity  was  also  observed  with 
serotonin  and  carbachol  (a  cholinergic  agonist) .  This  cholinergic 
agonist  enhancement  of  the  effector  function  of  CTL's  is 
reminiscent  of  a  report  by  Strom  et  al.  (44).  In  contrast  to  only 
an  enhancement  by  carbachol  and  serotonin,  norepinephrine  exhibited 
a  bimodal  effect  on  the  generation  of  antitumor  cytotoxicity.  A 
possible  mechanism  for  the  bimodal  effect  of  norepinephrine  may  be 
that  low  concentrations  and  high  concentrations  of  norepinephrine 
activate  different  receptors  on  lymphocytes.  An  alternative 
mechanism  may  be  that  high  concentrations  of  norepinephrine 
stimulate  the  production  of  high  levels  of  cAMP  which  inhibit  the 
immune  response  whereas  low  concentrations  of  norepinephrine 
stimulate  the  production  of  low  levels  of  cAMP  which  enhance  the 
immune  response.  Consistent  with  this  possibility  are  the  reports 
that  high  concentrations  of  dibutyryl  cAMP  inhibit  lymphocyte 
proliferation  (45-47) ,  whereas  low  concentrations  of  dibutyryl  cAMP 


stimulate  lymphocyte  proliferation  (45) . 

The  enhancement  of  the  generation  of  cytotoxicity  by 
norepinephrine  was  consistent  with  a  recent  reports  by  Felten  et 
al.  (2)  and  Hatfield  et  al.  (48).  Using  a  different  model  than 
that  used  in  our  studies,  Felten  et  al.  (2)  and  Hatfield  et  al. 
(48)  showed  that  catecholamines  augmented  the  generation  of 
cytotoxicity  by  mouse  spleen  lymphocytes.  Their  results  differ 
somewhat  from  those  reported  here  since  they  reported  that  a  100  /xM 
concentration  of  norepinephrine  increased  the  generation  of 
cytotoxicity  whereas  we  find  that  this  concentration  was  inhibitory 
and  that  0,1-1  /xM  norepinephrine  concentrations  elevated  the 
generation  of  cytotoxicity  (48).  The  exact  reasons  for  these 
differences  are  not  known.  However,  Hatfield  et  al.  (48)  and 
Felten  et  al.  (2)  examined  the  effect  of  norepinephrine  on  the 
generation  of  an  allogeneic  response  and  the  studies  reported  here 
examined  the  effect  of  norepinephrine  on'  the  generation  of  a 
syngeneic  response  and  it  is  possible  that  the  sensitivity  to 
norepinephrine  regulation  of  allogeneic  responses  differ  from  those 
for  regulation  of  syngeneic  responses.  Differences  in  regulation 
of  the  generation  of  syngeneic  and  allogeneic  CTL  responses  have 
been  reported  with  regards  to  interleukin  4  requirements  (49) . 

In  this  report,  we  have  demonstrated  that  high  concentrations 
of  catecholamines  can  inhibit  the  generation  of  anti-MOPC-315 
cytotoxicity.  The  effect  of  catecholamines  is  not  limited  to 
inhibition  of  the  generation  of  antitumor  cytotoxicity.  In  fact, 
catecholamines  can  inhibit  expression  of  the  lytic  activity  by 
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fully  activated  CTL's.  Henney  et  al.  (50)  showed  that  the 
secretory  phase  of  target  cell  lysis  is  inhibited  by  isoproterenol 
(0.1-100  #:M)  and  cAMP  (500  /xM) .  Therefore,  catecholamines  inhibit 
both  initial  events  in  the  generation  of  cytotoxic  activity,  as 
described  herein,  and  degranulation  of  CTL’s  (50).  The 
catecholamine  inhibition  of  the  generation  and  expression  of  CTL 
activity  in  vitro  suggests  that  stress-induced  elevation  of 
catecholamine  levels  may  inhibit  tumor  eradication  in  vivo  by  down 
regulating  the  generation  of  CTL  activity  as  well  as  by  down 
regulating  the  delivery  of  the  lethal  hit  by  the  CTL's.  Our 
studies  describing  the  inhibition  of  antitumor  cytotoxicity  supply 
a  framework  for  further  studies  of  the  mechanisms  for  stress- 
induced  modulation  of  the  generation  of  antitumor  immunity. 


Acknowledgements 

The  authors  are  grateful  to  Dr.  Rhonna  Cohen  for  her  stimulating 


discur  ;ion. 


20 


References 

1.  Felten,  D.L.,  S.Y.  Felten,  S.L.  Carlson,  J.A.  Olschowka,  and 
S.  Livnat.  1985.  Noradrenergic  and  peptidergic  innervation 
of  lymphoid  tissue.  J.  Immunol.  135:755s. 

2.  Felten,  D.L.,  S.Y.  Felten,  D.L.  Bellinger,  S.L.  Carlson,  K.O. 
Ac’:erman,  K.S.  Madden,  J.A.  Olschowki,  and  S.  Livnat.  1987. 
Noradrenergic  sympathetic  neural  interactions  with  the  immune 
system:  structure  and  function.  Immunol.  Reviews.  100:227. 

3.  Fawzy,  F.I.,  Cousins,  N. ,  Fawzy,  N.W.,  Kemeny,  M.E.,  Elashoff, 
R. ,  and  Morton,  D.  1990.  A  structured  psychiatric 
Intervention  for  cancer  patients.  I.  Changes  over  time  in 
methods  of  coping  and  affective  disturbance.  Arch.  Gen. 
Psychiatry  47:720. 

4.  Schlesinger,  M. ,  and  Y.  Yodfat.  1988.  Effect  of  psychosocial 
stress  on  natural  killer  activity.  Cancer  Detect.  Prev. 
12:9. 

5.  Pollock,  R.E.,  Lotzova,  R. ,  and  Stanford,  S.D.  1989. 
Surgical  stress  impairment  of  murine  natural  killer  cell 
cytotoxicity  involves  pre-  and  postbinding  events.  J. 
Immunol.  143:3396. 

6.  Fitgmaurice,  M.A.  1988.  Physiological  relationships  among 

stress,  viruses,  and  cancer  in  experimental  animals.  Intern. 

« 

J.  Neuroscience  39:307. 

7.  Chan,  J.K.C.,  Wong,  K.,  and  Chi-sing.  1989.  A  fatal  case  of 
multicentric  kikuchi’s  histiocytic  necrotizing  lymphadenitis. 


Cancer  63:1956. 


21 


8.  Besedovsky,  H.O.,  A.  DelRey,  E.  Sorkin,  M.  DaPrada,  and  H.H. 
Keller.  1979.  Immunoregulation  mediated  by  the  sympathetic 
nervous  system.  Cell.  Immunol.  48:346. 

9.  Williams,  J.M. ,  R.G.  Peterson,  P.A.  Shea,  J.F.  Schmedtje,  D.C. 

Bauer,  and  D.L.  Felten.  1981.  Sympathetic  innervation  of 
murine  thymus  and  spleen:  evidence  for  a  functional  link 

between  the  nervous  and  immune  systems.  Brain  Ees.  Bull. 
6:83. 

10.  Roszman,  T.L. ,  J.C.  Jackson,  R.J.  Cross,  M.J.  Titus,  W.R. 
Karkesbery,  and  W.H.  Brooks.  1985.  Neuroanatomic  and 
neurotransmitter  influences  on  immune  function.  J.  Immunol. 
135:769s. 

11.  Cook-Mills,  J. ,  P.  Jacobsen,  R.  Perlman,  and  D.A.  Chambers. 

1988.  Norepinephrine  modulation  of  T  and  • B-cell 

proliferation.  FASEB  Journal.  2: A3 11. 

12.  Hadden,  J.W. ,  E.M.  Hadden,  and  E.  Middleton,  Jr.  1970. 
Lymphocyte  blast  transformation.  1,  Demonstration  of 
adrenergic  receptors  in  human  peripheral  lymphocytes.  Cell. 
Immunol.  1:583. 

13.  Vischer,  T.L-.  1976.  The  differential  effect  of  cyclic  AMP  on 

lymphocyte  stimulation  by  T-  or  B-cell  mitogans.  Immunol. 
30:735. 

« 

14.  Ellenhorn,  J.D.I.,  H.  Schreiber,  and  J.A,  Bluestone.  1990. 
Mechanism  of  tumor  rejection  in  anti-CD3  monoclonal  antibody- 
treated  mice.  J.  Immunol.  144:2840. 

15.  Zangemeister-Wittke,  U. ,  B.  Kyewski,  and  V.  Schirrmacher . 


22 


1989.  Recruitment  and  activation  of  tumor-specific  immune  T 
cells  in  situ;  CDS"^  cells  predominate  the  secondary  response 
in  sponge  matrices  and  exert  both  delayed-type 
hypersensitivity-like  and  cytotoxic  T  lymphocyte  activity.  J. 
Immunol.  143:379. 

16.  Ward,  B.A. ,  S.  Shu,  T.  Chou,  D.  Perry-Lalley,  and  A.E.  Chang. 
1988.  Cellular  basis  of  immunologic  interactions  in  adoptive 
T  cell  therapy  of  established  metastases  from  a  syngeneic 
murine  sarcoma.  J.  Immunol.  141:1047 . 

17.  Hill,  J.O.,  M.  Awwad,  and  R.J.  North.  1989.  Elimination  of 
CD4'*’  suppressor  T  cells  from  susceptible  BALB/c  mice  releases 
CD8'*'  T  lymphocytes  to  mediate  protective  immunity  against 
Leishmania.  J.  Exp.  Med.  169:1819. 

18.  Takesue,  B.Y.,  J.M.  Pyle,  and  M.B.  Mokyr.  1990.  Importance 
of  tximor-specific  cytotoxic  CDS*  T-cells  in  eradication  of  a 
large  subcutaneous  MOPC-315  tumor  following  low-dose  melphalan 
therapy.  Cancer 'Res .  50:7641. 

19.  Wise,  J.A.,  M.B.  Mok/r,  and  S.  Dray.  1989.  Enhancement  of 

the  effectiveness  of  Lyt-2'^  T-cells  for  adoptive 

chemolmmunotherapy  by  short-term  exposure  of  tumor-bearer 
spleen  cells  to  polyethylene  glycol  and/or  melphalan.  Cancer 
Res.  49:3513. 

« 

20.  Mokyr,  M.B.,  D.P.  Braun,  D.  Usher,  H.  Reiter,  and  S.  Dray. 
1978.  The  development  of  in  vitro  and  in  vivo  antitumor 
cytotoxicity  in  noncytotoxic  tumor  bearer  spleen  cells 
"educated”  in  vitro  with  MOPC-315  tumor  cells - 


Cancer 


23 


Immunol.  Immunother.  4:143. 

21.  Mokyr,  M.B.,  and  S.  Dray.  1982.  In  vitro  inimunication  as  a 
method  for  generating  cytotoxic  cells  potentially  useful  in 
adoptive  immunotherapy.  Methods  in  Cancer  Res.  19:385. 

22.  Bartik,  M.M. ,  B.Y.  Takesue,  and  M.B.  Mokyr.  1987.  Melphalan- 
induced  enhancement  of  antitumor  immune  reactivity  in 
thymocytes  of  adult  BALB/c  mice  bearing  a  large  MOPC-315 
ttimor.  Cancer  Res.  47:4848. 

23.  Mokyr,  M.B.,  and  Q-W.  Ye.  1985.  Some  characteristics  of  the 
cyclophosphamide-induced  immvmopotentiating  cells  in  the 
spleen  of  mice  bearing  a  large  MOPC-315  tumor.  Cancer  Res. 
45:4932. 

24.  Burton,  R.C.,  J.  Thompston,  and  N.L.  Warner.  1975.  In  vitro 
induction  of  tvimor  specific  immunity.  J.  Immunol.  Methods, 
8:133. 

25.  bvadia,  H. ,  K.I.  Lubetzki,  and  O.  Abramsky.  1987.  Dopamine 
receptors  on  isolated  membranes  of  rat  lymphocytes.  Ann.  M.Y. 
Acad.  Sci.  496:211. 

26.  Chambers,  D.A.,  D.W.  Martin,  Jr.,  and  Y.  Weinstein.  1974. 
The  effect  of  cyclic  nucleotides  on  purine  biosynthesis  and 
the  induction  of  PRPP  synthetase  during  lymphocyte  activation. 
Cell.  3:375. 

♦ 

27.  Williams,  L.T.,  R.  Snyderman,  and  R.J.  Lefkowitz.  1976. 
Identification  of  jS-adrenergic  receptors  in  human  lymphocytes 
by  (-)  [^H]alprenolol  binding.  J.  Clin.  Invest.  57:149. 

28.  Khan,  M.M. ,  P.  Sansoni,  E.D.  Silverman,  E.G.  Engleman,  and 


/ 


24 

K.L.  Melmon.  1986.  Beta-adrenergic  receptors  on  human 
suppressor,  helper,  and  cytolytic  lymphocytes.  Biochem. 
Pharmacol.  35:1137. 

29.  Emorine,  L.J.,  S.  Marullo,  M.M.  Briend-Sutren,  Patey,  K. 
Tate,  C.  Delavier-Klutchko,  and  A.D.  Strosberg.  1989. 
Molecular  characterization  of  the  h\iman  ^j-adrenergic 
receptor.  Science.  245:1118 . 

30.  Mokyr,  M.B.,  and  E.  Barker.  1986.  Specificity  of  the 
generation  and  expression  of  enhanced  anti-plasinacytoma 
immunity  by  spleen  cells  from  melphalan-treated  MOPC-315  tumor 
bearers.  Cancer  Immunol.  Immunother.  23:11. 

31.  Mokyr,  M.B.,  E.  Barker,  L.M.  Weiskirch,  B.Y.  Takesue,  and  J.M. 
Pyle.  1989.  Importance  of  Lyt  2*  T-cells  in  the  curative 
effectiveness  of  a  low  dose  of  melphalan  for  mice  bearing  a 
large  MOPC-315  ttiraor.  Cancer  Res.  49:4597. 

32.  Barker,  E. ,  and  M.B.  Mokyr.  1988.  Importance  of  Lyt-2*  T- 
cells  in  the  resistance  of  melphalan-cured  MOPC-315  tumor 
bearers  to  a  challenge  with  MOPC-315  tumor  cells.  Cancer  Res. 
48:4834. 

33.  Weiskirch,  L.M. ,  E.  Barker,  and  M.B.  Mokyr.  1990. 
Eradication  of  a  large  MOPC-315  tumor  in  athymic  nude  mice  by 
chemo immunotherapy  with  Lyt2‘^  splenic  T  cells  from  melphalan- 
treated  BALB/c  mice  bearing  a  large  MOPC-315  tumor.  Cancer 
Immunol.  Immunother.  31:129. 

34.  Simpson,  J.R.,  and  L.  Hof fman-Goetz .  1990.  Exercise  stress 

and  murine  natural  killer  cell  function.  Froc.  Soc.  Exp. 


Biol.  Med.  195:129. 


Niaudet,  P. ,  G.  Beauraine,  and  M.A.  Bach.  1976.  Differences 
in  effect  of  isoproterenol  stimulation  on  levels  of  cyclic  AMP 
in  human  B  and  T  lymphocytes.  Eur.  J.  Immunol.  6:834. 
Hughes,  R.J.,  L.C.  Mahan,  and  P.A.  Insel.  1988.  Certain  /3- 
blockers  can  decrease  ^-adrenergic  receptor  number;  II.  Down 
regulation  of  receptor  nvimber  by  alprenolol  and  propranolol  in 
cultured  lymphoma  and  muscle  cells.  Circulation  Res.  63:279. 
Daniel,  V.,  H.R.  Bourne,  and  G.M.  Tomkins.  1973.  .Altered 
metabolism  and  endogenous  cyclic  AMP  in  cultured  cells 
deficient  in  cyclic  AMP-binding  protein.  Nature.  244:167. 
Kim,  D-K. ,  G.J.  Nau,  D.W.  Lancki,  G.  Dawson,  and  F.W.  Fitch. 
1988.  Cholera  toxin  discriminates  between  murine  T  lymphocyte 
proliferation  stimulated  by  activators  of  protein  kinase  C  and 
proliferation  stimulated  by  IL-.'!.  J.  Immunol.  141:3429. 
Aune,  T.H,,  K.A.  Kelley,  G.E.  Ranges,  and  M.P.  Bombara.  1990. 
Serotonin-activated  signal  transduction  via  serotonin 
receptors  on  Jurkat  cells.  J.  Immunol.  145:1826. 

O'Dorisio,  M.S.,  C.L.  Wood,  and  T.M.  O'Dorisio.  1985. 
Vasoactive  intestinal  peptide  and  neuropeptide  modulation  of 
the  immune  response.  J.  Immunol.  135:7925 . 

Coffey,  R.G.,  and  J.W.  Hadden.  1985.  Neurotransmitters, 
hormones,  cyclic  nucleotides  in  lymphocyte  regulation. 
Federation  Proc.  44:112. 

Strom,  T.D.,  A.P.  Lundin,  and  C.B.  Carpenter.  1977.  The  role 
of  cyclic  nucleotides  in  lymphocyte  activation  and  function. 


26 


Prog.  Clin.  Immunol.  3:115. 

43.  Watson,  J.  1975.  The  Influence  of  intracellular  levels  of 
cyclic  nucleotides  on  cell  proliferation  and  the  induction  of 
antibody  synthesis.  J.  Exp.  Med.  141:97. 

44.  Strom,  T.B.,  M.A.  Lane,  and  K.  George.  1981.  The  parallel, 
time-dependent,  bimodal  change  in  lymphocyte  cholinergic 
binding  activity  and  cholinergic  influence  upon  lymphocyte 
mediated  cytotoxicity  after  lymphocyte  activation.  J. 
Immunol.  127:705. 

45.  Chambers,  D.A.,  D-W.  Martin,  Jr.,  and  Y.  Weinstein.  197 i. 
The  effect  of  cyclic  nucleotides  on  purine  biosynthesis  and 
the  induction  of  PRPP  synthetase  during  lymphocyte  activation. 
Cell  3:375. 

46.  Vischer,  T.L.  1976.  The  differential  effect  of  cyclic  AMP  on 
lymphocyte  stimulation  by  T-  or  B-cell  mitogens.  Immunol. 
30:735. 

i 

47.  Diamantstein,  T.,  and  A.  Ulmer.  1975.  The  antagonistic 
action  of  cyclic  GMP  and  cyclic  AMP  on  proliferation  of  B  and 
T  lymphocytes.  Immunol.  28:113. 

48.  Hatfield,  S.M.,  B.H.  Petersen,  and  J.A.  Dimicco.  1986.  Beta 
adrenoceptor  modulation  of  the  generation  of  murine  cytotoxic 
T  lymphocytes  In  vitro.  J.  Pharm.  Exp.  Therapeutics. 
239:460. 

49.  Hidmer,  M.B.,  and  K.H.  Grabstein.  1987.  Regulation  of 
cytolytic  T-lymphocyte  generation  by  B-cell  stimulatory 
factor.  Nature  326:795. 


27 


50.  Henney,  C.S.,  II. R.  Bourne,  and  L.M.  Lichtenstein.  1972.  The 
role  of  cyclic  3 ',5*  adenosine  monophosphate  in  the  specific 
cytolytic  activity  of  lymphocytes.  J.  Immunol.  108:1526. 


28 


Figure  Legends 

Figure  l.  Concentration  Curves  for  Catecholamine  Modulation  of  the 
In  Vitro  Generation  of  Anti~MOPC“315  Cytotoxicity  by 
BALB/c  Spleen  Cells.  Norepinephrine  (closed  triangle, 
dashed  line) ,  epinephrine  (closed  square,  dotted  line) , 
isoproterenol  (closed  diamond,  dashed/dotted  line) ,  or 
the  HCl  solvent  control  (closed  circle,  solid  line)  was 
added  to  normal  BALB/c  spleen  cells  admixed  with 
mitomycin-C-treated  syngeneic  MOPC-315  plasmacytoma  cells 
for  5  days.  The  Iji  vitro  stimulated  cells  were  evaluated 
for  their  lytic  activity  at  ef f ector/targot  cell  (E/T) 
ratios  of  (A)  200:1,  (B)  100:1,  and  (C)  50:1.  Data  are 
from  a  representative  experiment  of  three  experiments. 
•Where  error  bars  are  not  shown,  the  error  bars  are 
smaller  than  the  symbol.  *,  Statistical  significance 
»  (p<0.05)  relative  to  lytic  activity  exhibited  by  spleen 

cells  stimulated  with  MOPC-315  colls  in  the  absence  of 
agonists. 

Figure  2.  Concentration  Curves  for  Modulation  of  the  Generation  of 
Anti-MOPC-315  Cytotoxicity  by  Dopamine,  Carbachol,  and 
Serotonin.  Dopamine  (closed  triangle,  dashed  line) , 
serotonin  (closed  square,  dotted  line)  ,  carbachol  (closed 
diamond,  dashad/dotted  lino)  or  HCl  (closed  circle,  solid 
line)  was  added  with  normal  BALB/c  spleen  colls  admixed 
with  mitomycin-C-treatod  syngeneic  MOPC-315  plasmacytoma 
cells  for  5  days.  The  in  vitro  immunized  cells  were 


evaluated  for  their  lytic  activity  at  E/T  ratios  of  (A) 
200:1,  (B)  100:1,  and  (C)  50:1.  Data  are  from  the  same 
representative  experiment  shown  in  figure  1.  Where  error 
bars  are  not  shown,  the  error  bars  are  smaller  than  the 
symbol.  *,  Statistical  significance  (p<0.05)  relative  to 
lytic  activity  of  spleen  cells  incubated  with  mitomycin- 
C-treated  MOPC-315  cells. 

Figure  3.  Concentration  Curve^or  Dibutyryl  cAMP  Inhibition  of  the 
Ccr.aration  of  Anti-MOPC-315  Cytotoxicity.  Dibutyryl  cAMP 
was  incubated  with  normal  BALB/c  spleen  cells  admixed 
with  mitomycin-C-treated  syngeneic  MOPC-315  plasmacytoma 
cells  for  5  days  followed  by  assessment  of  lytic 
activity.  The  data  shown  are  the  lytic  activity  of  in 
-vitro  inuaunized  cells  at  an  ef fcctor/target  cell  ratio  of 
100:1.  Data  are  from  a  representative  experiment  of  more 
*  than  three  experiments.  *,  Statistical  significance 
(p<0.05)  relative  to  lytic  activity  of  spleen  colls 
incubated  with  mitomycin-C-treated  MOPC-315  cells. 

Figure  4.  Extent  of  Inhibition  of  Anti-MOPC-315  Cytotoxicity  by 
Norepinephrine  and  Dibutyryl  cAMP  after  3,  4,  or  5  days. 
Ncrepinephrine  (NE) ,  dibutyryl  cAMP  (DBcAMP) ,  or  the  HCl 
solvent  control  was  incubated  with  normal  BALB/c  spleen 
cells  admixed  with  mitomycin-C-treated  MOPC-315  colls  for 
3,  4,  or  5  days  followed  by  assessment  of  lytic  activity. 
The  data  shown  are  the  percent  inhibition  of  lytic 
activity  of  in  vitro  immunized ‘colls  at  an  E/T  ratio  of 
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100:1.  Data  are  from  a  representative  experiment  of  two 
experiments.  *,  Statistical  significance  (p<0.05) 
relative  to  the  percent  inhibition  of  lytic  activity  of 
spleen  cells  stimulated  mitomycin-C-treated  MOPC-315 
cells  in  the  presence  of  HCl  (100  fM) .  The  %  inhibition 
by  50  /xM  NE  was  significantly  greater  on  day  4  as 
compared  to  the  %  inhibition  on  day  3  and  5  (p<0.05). 
For  the  representative  experiment  shown  in  figure  4, 
spleen  cells  stimulated  in  vitro  with  MOPC-315  cells  in 
the  presence  of  HCl  led  to  a  %  specific  *'Cr  release  of 
18±1,  48±1,  and  39±4  on  days  3,  4,  and  5,  respectively. 

Figure  5.  Effect  of  Temporal  Addition  of  Norepinephrine  and 
Dibutyiryl  cAMP  on  the  Generation  of  Anti-MOPC-315 
‘Cytotoxicity.  Spleen  cells  from  BALB/c  mice  were 
cocultured  with  mitomycin-C-treatod  MOPC-315  cells.  On 
‘  days  0-4  after  culture  initiation,  norepinephrine  (100 
HH,  closed  diamond,  dashed/dotted  line) ,  dlbutyryl  cAMP 
(500  fiH,  open  diamond,  dashed  line),  or  the  HCl  solvent 
control  (closed  circle,  solid  line)  were  added  to  the 
cultures.  On  day  5,  the  in  vitro  immunized  cells  were 
evaluated  for  their  lytic  activity  at  effector/target 
cell  ratio  of  (A)  100:1  and  (B)  25:1.  Data  are  from  the 
same  representative  experiment  shown  in  figure  4.  Where 
error  bars  are  not  shown,  the  error  bars  are  smaller  than 
the  symbol.  *,  Statistical  significance  relative  to  lytic 
activity  of  spleen  cells  incubated  with  HCl  (100  /xM)  and 


•  <1  • 


31 


mitomycin-C- treated  MOPC-315  cells. 

Figure  6.  Effect  of  Propranolol  on  Norepinephrine  Inhibi^Jjion  of  the 
Generation  of  Anti-MOPC-315  Cytotoxicity.  Spleen  cells 
from  BALB/c  mice  were  incubated  with  propranolol  for  30 
minutes  prior  to  addition  of  norepinephrine  at  50  pM 
(closed  square,  dotted  line) ,  norepinephrine  at  100  /zM 
(closed  triangle,  dashed  line) ,  and  mitomycin-C-treated 
MOPC-315  cells.  Controls  (closed  circle,  solid  line) 
consisted  of  cells  incubated  with  mitomycin-C-treated 
MOPC-315  cells  in  the  absence  of  norepinephrine.  After 
5  days,  the  in  vitro  immunized  cells  were  evaluated  for 
their  lytic  activity.  Data  shown  are  for  an  E/T  ratio  of 
100:1.  Data  are  from  a  representative  experiment  of  two 
•experiments.  Where  error  bars  are  not  shown,  the  error 
bars  are  smaller  than  the  symbol. 
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